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Theminichromosomemaintenance (MCM) helicase is the presump-
tive replicative helicase in archaea and eukaryotes. The archaeal
homomultimeric MCM has a two-tier structure. One tier contains
the AAA motor domains of the proteins, and these are the
minimal functional helicase domains. The second tier is formed by
the N-terminal domains. These domains are not essential for MCM
helicase activity but act to enhance the processivity of the helicase.
We reveal that a conserved loop facilitates communication be-
tween processivity and motor tiers. Interestingly, this allostery
seems to bemediated by interactions between, rather thanwithin,
individual protomers in the MCM ring.
archaea  DNA replication  AAA protein  Sulfolobus
The two most highly studied archaeal minichromosome main-tenance helicases (MCMs) are from Methanothermobacter
thermautotrophicus (Mth) and Sulfolobus solfataricus (Sso) (1).
Electron microscopy of full-length MthMCM in conjunction
with X-ray crystallographic studies of the N-terminal domains of
that protein has revealed that MthMCM is based on a hep-
tameric or hexameric assembly in which the C-terminal motor
domains form a ring that is stacked on a second ring formed by
the N-terminal domains (2–4). Studies of SsoMCM have re-
vealed that the hexameric form of the molecule interacts with
DNA substrates (5). A central hole passes through the hexamer,
and residues found within the pore are important for DNA
binding (2, 5). More specifically, each monomer contributes a
-hairpin in the N terminus that extends into the central channel.
Mutation of conserved basic residues at the tip of the hairpin
impairs but does not abrogate DNA binding and helicase activ-
ities of the full-length SsoMCM protein. A second -hairpin has
also been identified in the AAA motor domain of the protein
(5). Importantly, mutation of a conserved lysine in this hairpin
only modestly reduces DNA binding by MCM but abolishes
helicase activity, suggesting that this feature of the protein is
involved in the ‘‘power stroke’’ of the helicase motor. Interest-
ingly, mutation of either N or C-terminal -hairpin residues has
only modest effects on the basal ATPase activity of the helicase
(measured in the absence of DNA). However, for both mutants,
the addition of DNA did not result in the stimulation of ATPase
activity detected with the wild-type protein (5). In agreement
with the nonessential nature of the N-terminal -hairpin for
helicase activity, we have shown that it is possible to delete the
N-terminal domains of SsoMCM entirely and still retain helicase
activity of the C-terminal, AAA containing, half of the protein
(C-half) or even just the isolated AAA domain (6). Addition
of protein corresponding to the N-terminal domains modulated
the range of substrates that could be melted by, and enhance the
processivity of, the AAA domain construct. The processivity
enhancement depended on the ability of the N-terminal -hair-
pin to interact with DNA, suggesting that the N-terminal do-
mains do not simply form a circular collar on which the AAA
domains sit, but may in fact play a more dynamic role. The means
of communication between N- and C-terminal tiers of the
protein is not yet understood. A recent study has found that
mutation of a conserved loop that extends from the main body
of the N-terminal tier severely impairs the helicase activity of
MthMCM, leading to speculation that this loop may be an
important contact point between the two tiers (7). In this article,
we describe a series of experiments that address the functional
basis of the role of this conserved loop in SsoMCM.We find that
deletion of the loop abrogates the helicase activity of MCM and
reduces ATPase activity but does not significantly alter DNA
binding by the helicase. However, deletion of the loop enhances
the interaction between N- and C-terminal halves of MCM in a
nucleotide-independent manner, revealing that the loop is not
simply a static binding site for MCM. Importantly, helicase
activity can be restored to a loop-deleted mutant by a second site
deletion of the N-terminal -hairpins, suggesting that the loop is
involved in transducing positional cues to this motif. We addi-
tionally investigate whether the loop is acting to mediate com-
munication within a single protomer or between adjacent pro-
tomers in the MCM ring. A combination of cross-linking
analyses and EPR spectroscopy reveals that the loop plays a role
in intersubunit allosteric communication. For this reason, we will
refer to the loop in the following as the ACL (allosteric
communication loop).
Results
The N-Terminal Tier of MCM Is Required for Localized Cooperativity.
We have performed a series of mutant-doping experiments to
investigate the manner in which ATP usage is coupled to helicase
activity in SsoMCM (8). Our data revealed that SsoMCM helicase
activity has an unusual mode of ATP usage where localized
cooperativity exists between pairs of subunits within the hexameric
assembly. This contrasts with the probabilistic hydrolysis mecha-
nism seen with the ClpX AAA protease (9) or the sequential
model determined for DnaB-type DNA helicases (10). We have
demonstrated that the N-terminal domains of SsoMCM are dis-
pensable for helicase activity. However, truncations lacking the
N-terminal domains have modified properties, including relaxed
substrate specificity and reduced processivity (6). We therefore
tested the importance of the N-terminal domains of SsoMCM for
the paired cooperativity behavior. Accordingly, we prepared pro-
teins corresponding to residues 267–686 of either wild-type MCM
(C-half) or a derivative containing a K 3 A mutation of the
conserved Walker A lysine residue (K346 in the full-length pro-
tein). Our previous work (8) has shown that doping full-length
Walker A mutant into helicase assays containing wild-type protein
results in a nonlinear decrease in activity following the red curve in
Fig. 1A andG. The nonlinearity of the doping response is indicative
of cooperativity. In contrast, when we performed assays with our
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truncated C-half proteins, we observed a linear decrease of activity
as we increase the proportion of Walker A mutant protein (Fig.
1A). A linear response could be indicative of either a lack of
cooperativity between subunits or, more trivially, of an inability of
mutant andwild-type to interact with one another uponmixing.We
performed pulldown experiments to test this latter possibility and
found that wild-type and Walker A mutant C-half proteins are
equally capable of homo- and heteromultimerization [supporting
information (SI) Fig. S1]. Taken together, these data indicate that
the N-terminal domains are required for mediating cooperativity
between ATPase active sites within the MCM ring.
Basic Properties of ACL Mutant Proteins. Examination of the X-ray
crystal structures of the N-terminal domains ofMCM reveals the
presence of a conserved loop (ACL) that faces the position that
is believed to be occupied by the C-terminal motor domains of
the protein (2, 18). To test the importance of the ACL for MCM
activity, we have made two mutant derivatives (Fig. S2). In the
first, which we named ACL-PM (ACL point mutant), we mu-
tated residues E202, E203, and Q208 (in brown in Fig. 1 B and
C) to alanines; and in the second, which we named ACL, we
replaced the loop residues E199–R211 (in red and brown in Fig.
1 B and C) with the tripeptide serine–asparagine–glyine. The
Fig. 1. A conserved loop in the N-terminal tier ofMCM is required for intersubunit communication. (A) Mutant doping assay using the C-half of bothwild-type
MCM (residues 267–612) andWalker A lysine–alanine mutant (K346A in the full-length protein) in varying proportions in helicase assays. The red line indicates
the nonlinear behavior of the full-length proteins (ref. 8). (B) Structure of the N-terminal 265 residues of SsoMCM [Protein Data Bank (PDB) ID code 2vl6]. The
figurewas by using PyMOL (http:://pymol.sourceforge.net). The ACL is highlighted in red, and residues E202, E203, andQ208 are shown in brown stick form. The
N-terminal DNA-binding -hairpin is shown in dark blue. A zinc ion is shown as a brown sphere. (C) Sequence line-up of the ACL of seven representative archaeal
MCM sequences (Afu,Archaeoglogus fulgidus; Csy, Cenarchaeum symbiosum; Hby,Hyperthermus butylicus; Mth,M. thermautotrophicus; Neq,Nanoarchaeum
equitans, Sso, S. solfataricus; Tpe, Thermofilum pendens) together with human MCM2–9. The ACL is indicated in red, and residues corresponding to SsoMCM
E202, E203, and Q208 are indicated by brown asterisks. (D) DNA binding to a flayed duplex substrate for wild-typeMCM (WT-MCM), ACL, and ACL-PM (E202A,
E203A, and Q207A) are shown (analogous results for ssDNA and dsDNA are shown in Fig S2). Error bars in this and all other panels are SD. (E) DNA helicase
activity ofWT, ACL, and ACL-PMMCM. (F) ATPase rates of theWT, ACL, and ACL-PMMCM. Values are picomoles of ATP hydrolyzed per second per nanomole
of MCM (as monomer). (G) Mutant doping with ACL or Walker A mutant (K346A) into wild-type MCM. The helicase activities of the protein mixtures were
measured and plotted relative to the activity of wild-type protein. Simulations (red and cyan lines) were performed as described in ref. 8.
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resultant proteins were purified by heat treatment of the Esch-
erichia coli extract, followed by centrifugation to remove pre-
cipitated protein. This was followed by chromatography on a
heparin column and gel filtration on a Superdex 200 column. The
MCMs were heat-stable and eluted as hexamers on gel filtration
chromatography, indicating that the mutations had not grossly
perturbed the protein structure (Fig. S3). In agreement with this,
we found that both proteins had slightly higher (maximally
2-fold) DNA binding affinities compared with wild-type protein
(Fig. 1D and Fig. S3). However, the ACL-PM had severely
impaired DNA helicase activity, whereas the ACL mutant had
no detectable helicase activity even at high protein concentra-
tions (Fig. 1E). ACL-PM showed lower ATPase activity than
wild type, and the ATPase activity was stimulated to a lesser
extent by DNA. The ATPase activity of ACL was severely
reduced and showed no DNA stimulation (Fig. 1F).
Because the ACL-PM shows a phenotype intermediate be-
tween wild type and ACL, we have focused on the ACL
mutant in the subsequent experiments because this mutant
seems to represent complete loss of function of this region. We
next performed mutant-doping experiments with the ACL
protein (Fig. 1G). To eliminate the possibility that the different
DNA-binding affinities of the wild-type and mutant proteins
(half-maximal binding at 100 and 50 nM protein, respectively;
Fig. 1D) could influence these assays, we performed these
experiments at 1 M protein. The inhibition profile of this
mutant is reminiscent of that seen with analogous experiments
with a Sensor 1 N448E mutation (8). Using our described Monte
Carlo-based simulations, we can account for this behavior by
imposing the three simple rules: a pair of wild-type subunits has
normal activity, a WT–mutant pair has a modestly (1.5-fold)
enhanced activity, but a pair of mutant subunits has no activity.
These data therefore implicate the ACL in mediating the
localized cooperativity between pairs of protomers within the
MCM hexamer. To test the possibility that ACL residues might
contribute directly to the ATPase active site, we attempted to
complement cis and trans mutants (cis mutants, such as altered
Walker A or Sensor 1 residues, are defective in the ATPase-
binding site of a given subunit; trans residues, such as the arginine
finger, communicate with the active site of their neighbor). We
have demonstrated that mixing of cis and trans mutants restores
helicase activity (8); however, the ACL could not complement
either class of mutant, indicating a distinct role (Fig. S4).
ACL and Interdomain Communication. Studies of the ACL of Mth-
MCM led to the suggestion that the ACL might be a key interface
between the N-terminal and C-terminal tiers of MCM (7). How-
ever, it has not been possible to test this hypothesis because the
isolated C-terminal domain of MthMCM is insoluble. In contrast,
however, the analogous fragment of SsoMCM is soluble and active
in helicase assays. This allows us to test whether the ACL might be
involved in interaction between the two tiers. We have described
pulldown assays that reveal that the isolated N terminus of
SsoMCM(residues 1–266, hereafter calledN-half) can interact with
amatrix coated with the immobilized C-terminal half of the protein
(6). Using this assay, we observe that deletion of the ACL does not
reduce binding of the N-half to the C-half but, rather, significantly
enhances it (Fig. 2A). This enhancement is not affected by the
presence of various adenine nucleotides in the binding buffer (Fig.
S5).We have shown that addition of the wild-typeN-half stimulates
the helicase activity of the AAA domain of the protein on flayed
duplex DNA substrates (6). In contrast, as can be seen in Fig. 2B,
addition of the ACL-deleted N-half significantly reduces the heli-
case activity of the AAA domain, in agreement with the abro-
gation of the helicase activity of full-length ACL-deleted MCM.
Thus, the ACL deletion does not prevent interaction between the
N-and C-terminal halves of MCM.
Interplay Between the ACL and the N-Terminal -Hairpin. We have
shown that the isolated C-half, and even the isolated AAA
domain alone, retains helicase activity (ref. 6 and see above).
Thus, the N-terminal domains are not essential for helicase
activity. Paradoxically, however, our data reveal that deletion of
the ACL abrogates helicase activity. We have shown that the
addition of the N-terminal domains clearly elevates the activity
and enhances the processivity of the AAA domain and that this
depends on the ability of the N-terminal -hairpins to interact
with DNA (6). We speculated that the ACL may function by
transducing a signal from the AAA domain to the N-terminal
-hairpin. Accordingly, we deleted the N-terminal -hairpin by
replacing residues I239–S249 (in dark blue in Fig. 1A) with a
serine–asparagine–glycine tripeptide (Nhp). This affected
the multimeric status of the protein; gel filtration analyses
revealed that the predominant peak of elution for Nhp and
ACL/Nhp proteins was in agreement with these species
existing as a mixture of dimers and monomer (Fig. S6). This is
similar to what is seen for isolated N-half, C-half, and AAA
domain MCM. When this mutation was introduced in the
context of the wild-type protein (Nhp) the resulting protein
retained very low levels of helicase activity, similar to, but slightly
lower than, that seen for the K246A/R247A mutant [in which
conserved basic residues at the tip of the hairpin have been
mutated to alanine (5)]. In contrast, when the N-terminal
-hairpin was removed we observed restoration of helicase
activity with this double mutant protein (Fig. 2C). However,
although this functioned well as a helicase on flayed duplex
oligonucleotide substrates with 44 bp of dsDNA, in agreement
with our previous data on the processivity of the isolated AAA
domain, it showed much lower processivity than the wild-type
protein (Fig. 2D and Fig. S7). The same restoration was not seen
for the ACL K246A/R247A mutant, where residues at the tip
of the N-terminal -hairpin are mutated, but the hairpin itself is
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Fig. 2. Functional consequences of ACL deletion. (A) Pulldown assays of
wild-type (WT) or ACL versions of the N-terminal domains of MCM (residues
1–266) on a matrix with immobilized C-half of MCM. After pulldown and
washing, proteinswere elutedbyboiling in SDS/PAGE loadingbuffer. Proteins
were detected after SDS/PAGE by staining with Coomassie brilliant blue. The
positions of the various species are indicated. Analogous assays performed in
the presence of ADP, ATP, AMP-PNP, and ADP-AlFx are shown in Fig. S5. (B)
Helicase assays mediated by 0.5 M C-half of MCM supplemented with in-
creasing amounts of either wild-type or ACL N-half. (C) Helicase assays with
full-length proteins with either wild-type, deleted (NHP) or point-mutated
(KR246AA) N-terminal -hairpin proteins with additional deletion of the ACL
(ACL) as indicated. (D) Comparisonof the relative processivity ofwild-type or
NHPACL proteins.
Barry et al. PNAS  January 27, 2009  vol. 106  no. 4  1053
BI
O
CH
EM
IS
TR
Y
still present (Fig. 2C). We interpret these data as indicating that,
in the absence of the ACL, the N-terminal -hairpin is mispo-
sitioned in the central cavity of the helicase and may thereby
inhibit helicase activity.
The ACL Mediates Intersubunit Communication.We have shown that
a candidate -hairpin in the AAA domain of SsoMCM is
essential for the helicase activity ofMCM(5). An analogous hairpin
in SF3 helicases undergoes a large conformational alteration during
the cycle of ATP binding, hydrolysis, and release (11, 12). Inter-
estingly, mutation of this hairpin results in an MCM that can still
bind DNA but has no helicase activity and no longer shows
DNA-mediated stimulation of its ATPase activity. Because these
behaviors are similar to that observed with the ACL-deleted
mutation, we speculated that theACLmight communicate with the
C-terminal-hairpin. This proposal is supported bymodeling based
on the EM structure of MthMCM. As can be seen in Fig. 3A, the
ACL lies in the vicinity of the C-terminal -hairpin of the modeled
position of a related AAA domain. However, it is not clear from
the model whether this would be an intra- or intersubunit interac-
tion. If this is an intrasubunit interaction, the ACL and C-terminal
-hairpin will be5Ådistant fromone another; if, in contrast, they
mediate intersubunit interactions, then the ACL and C-terminal
-hairpin of a given subunit will be 30 Å apart. Thus, we sought
tomeasure the distance between theACLandC-terminal-hairpin
of a given subunit by using EPR spectroscopy.
To this end, we prepared mutant MCM that had cysteine
substitutions at S206 of the ACL and the K430 of the C-terminal
-hairpin. [These experiments were performed with modified
MCMs in which the 2 accessible cysteines at the C terminus of
the proteins were mutated to serine; these alterations do not lead
to any detectable modification of MCM activities (5)]. The Cys
residues at the ACL and C-terminal -hairpin were conjugated
to nitroxide spin labels generating double-labeled protomers.
Next, we mixed the labeled subunits with an 8-fold excess of
wild-type MCM (without C-terminal cysteines) so that the
majority of hexamers would only contain one labeled subunit.
Analyzing these molecules by double electron electron reso-
nance (DEER) we found that the closest distance between these
residues was 29.5  4 Å (black traces in Fig. 3 B and C). We
additionally observe a second distance peak with a maximum at
45 Å; however, the 2 for the pulse sequence configuration is not
enough to measure this distance dependably. This second peak
may represent the distance between the spin labels when the
multiple-labeled MCM protomers are assembled into a single
hexamer. Because the above data were derived in the absence of
supplemental nucleotide, we repeated the experiment in the
presence of ATP (red traces in Fig. 3 B and C) and found a
significant lengthening of the ACL–C-terminal -hairpin dis-
tance to 34.5  4Å, indicative of ATP-induced conformational
alterations in the relative positions of ACL and C-terminal
-hairpin within a subunit.
The 30 Å distance between ACL and C-terminal -hairpin
suggests that these residues lay on opposite faces of the MCM
monomer. In accordance with the model in Fig. 3A, we specu-
lated that the ACL of one subunit may be in the vicinity of the
C-terminal -hairpin of its neighbor. To test this hypothesis, we
used the S206C and/or C-terminal -hairpin residue K430C
MCM mutants. We then tested the ability of the homo-
bifunctional sulfydryl-specific cross-linker bismaleimidoethane
(BMOE) to cross-link between these residues. Significantly, we
could detect cross-linking between distinct monomers that pos-
sessed S206C (Ncys) and K430C (Ccys) (Fig. 3D). In contrast,
homohexamers containing either of these mutations individually
showed significantly reduced cross-linking. Because the BMOE
has a spacer arm of just 8 Å, this indicates very close apposition
of the C-terminal -hairpin of one subunit with the ACL of a
neighboring protomer. Significantly, the degree of cross-linking
observed varied depending on the presence of nucleotide in the
buffer.More specifically, cross-linking was highest in the absence
of nucleotide and lowest in the presence of ATP (Fig. 3E). This
indicates that the relative positioning of the ACL of one pro-
tomer and the C-terminal -hairpin of its neighbor changes
depending on the nucleotide status of the AAA domain.
Discussion
Our data provide a mechanistic basis for the previous observa-
tion that the ACL is important for MCM helicase activity (7) by
revealing that this conserved motif is required for allosteric
communication between subunits within the MCM hexamer.
Our data indicate that the N-terminal domains of MCM and the
C-terminal AAA domains can still interact in the absence of
the ACL and do so in a manner that is independent of the
presence of nucleotide. This indicates that there is an as yet
unidentified constitutive interface between the N- and C-
terminal tiers of MCM. This may be conceptually analogous to
the IGF loops that mediate tight contact between ClpP and ClpX
in the bacterial ClpPX proteolytic AAA machine (13–15).
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Fig. 3. Nucleotide-modifiable communication between the C-terminal pre-
Sensor 1 -hairpin and the ACL. (A) (Left) Superposition of the MthMCM EM
structure (4) with the known structure of MthMCM N-terminal domains (in
cyan; the ACL is highlighted in red). The C-terminal domains are modeled
based on the structure of a bacterial ATPase (PDB ID code 2R44) that is
predicted to have secondary structure architecture similar toMCM (conserved
domain database expected value  1e4). (Right) Enlargement of the se-
lected area. The C-terminal -hairpin is highlighted in yellow. (B) DEER time
trace after background correction shown in black for nucleotide-free MCM
and in redMCM in the presence of 10 mMATP. The best-fit line was found by
using a Tikhonov regularization parameter of 1,000 and is shown in red. (C)
The distance distributions corresponding to the DEER traces shown in B; black
is nucleotide-free MCM, and red is MCM in the presence of 10 mM ATP. (D)
Results of cross-linking assays with S206C (Ncys), K430C (Csys) single mutants
or S206CK430C (NcysCsys) double mutants. The positions of monomer, dimer,
and higher-order species are indicated. Wild-type (cysteine-free protein) is
labeled W. M refers to mock-treated (reaction minus BMOE), and X indicates
reactions treated with BMOE. (E) Cross-linking assays performed between
S206C (Ncys) and K430C (Ccys) in the presence or absence of the indicated
nucleotide (at 10 mM).
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Although our data reveal that the ACL is not required for
interaction between the N-terminal and AAA tiers of the
protein, our EPR and cross-linking data indicate that the ACL
of one protomer is in close proximity to the C-terminal -hairpin
within the AAA domain of another protomer in the MCM
hexamer. Furthermore, the relative positioning of these two
features is modulated by the presence of nucleotide. By analogy
with other AAA proteins, and in agreement with the observed
behavior of MCM with mutations in this hairpin (5, 11, 12), it is
likely that the position of the hairpin will alter during the ATPase
cycle of the subunit. Thus, an individual -hairpin will differ-
entially contact the ACL of the neighboring subunit during
ATPase cycle, thereby communicating conformational alter-
ations in the AAA domain of one subunit to the N-terminal
domains of another (Fig. 4). Our observation that the effect of
the ACL deletion can be alleviated by deletion of the N-terminal
-hairpin suggests that, in the absence of the ACL, the N-
terminal -hairpin is locked in an inhibitory configuration. We
propose, therefore, that the ACL acts to modulate the position-
ing of the N-terminal -hairpin in tune with the ATP cycle of the
AAA motor domain of the neighboring subunit (Fig. 4). Here
again, parallels can be drawn with the ClpP–ClpX interaction.
The pore 2 loop in ClpX has been shown to contact the
‘‘N-terminal loop’’ in ClpP, and furthermore, this interaction is
modulated by the presence of nucleotide (15). This analogy is
strengthened by the fact that both the ClpX pore 2 loop and
MCM C-terminal -hairpin are located between the Walker B
and Sensor 1 elements of the AAA domain. Thus, as with
ClpP–ClpX, we observe two forms of interaction between N-
terminal and AAA domain-containing tiers of MCM: a static,
nucleotide-independent interface and a dynamic, nucleotide-
modifiable interaction. That these similarities exist between
divergent AAA proteins suggests a generalized model for
inter-tier communication within AAA machines irrespective
of whether the two tiers are composed of covalently contiguous
subunits, as in MCM, or by two separate rings, as in ClpP–ClpX.
Methods
Additional procedures are discussed in SI Methods.
Cloning, Mutagenesis, and Protein Purification. All constructs used were de-
scribed (5, 6). Point mutagenesis was performed as described in ref. 8. Loop
deletion (ACL and N-terminal -hairpin) and replacement with the SNG trip-
eptide were achieved by PCR amplification around the pET30a-MCM/N-half
plasmidbyusingprimers that annealed at either endof the loop, oneofwhich
included an overhang encoding the SNG tripeptide. All proteins were ex-
pressed and purified as described (5, 6), except that for full-length MCM
mutants with mutations in the N-terminal -hairpin (K246A/R247A ACL,
Nhp, Nhp ACL) an additional HiTrap Q column purification step was
performedbetweenheparin and gel filtration (Fig. S2). For the corresponding
N-terminal domain constructs, the heparin purification step was omitted
because the proteins did not bind to heparin.
Gel Filtration Analysis.Gel filtration analysiswas performedon a Superdex 200
10/300 gel filtration column (GE Healthcare), in 20 mM Tris (pH 8), 150 mM
NaCl, and 1mMDTT,with 100L of 50Mprotein. Thiswas run at 0.5mL/min.
The amplitudes of the resulting peakswere normalizedby using theUNICORN
program.
ATPase, Helicase, EMSA, and Pulldown Interaction Assays. ATPase assays were
performed essentially as described in ref. 5 except that 275 MATPwas used,
and reactions were performed for 30 min at 60 °C. Helicase and EMSA assays
were performed on Y-shaped substrates, ssDNA, or dsDNA as described (5, 6),
except that for full-length MCM (and mutants) helicase assays were per-
formed at 65 °C, whereas for C-half and AAA core constructs (and mutants)
helicase assayswere performed at 50 °C. For further details see SIMethods. All
results shown are the result of at least three independent repeats. Error
bars represent 1 SEM. Pulldown interaction assays were performed as
described in ref. 6.
Cross-Linking. Proteins weremixed to give a final concentration of 5 M in 1
PBS (pH 7), 5 mM EDTA (with nucleotide at 10 mM if applicable) in a 50-L
reaction volume. Bis(maleimido)ethane (Pierce) was added to give a final
concentration of 100 nM. Cross-linking was quenched after 2 min by boiling
in SDS/PAGE loading buffer [1.05% (wt/vol) SDS, 62.5 mM TrisHCl (pH 6.8),
10% (vol/vol) glycerol, 0.35 M 2-mercaptoethanol, 0.0125% (wt/vol) bromo-
phenol blue). Twenty microliters was resolved by SDS/PAGE.
EPR. Proteins were derivatized with (1-oxyl-2,2,5,5-tetramethyl-D3-pyrroline-
3-methyl)methanethiosulfonate (Toronto Research Chemicals). Spin-labeled
protein (25 M) was mixed with wild-type protein a final total protein
concentration of 200 M. The spin-labeled protein solution had 30% glycerol
added, and 50 L was put in a 3-mm outer diameter quartz tube. The sample
was then frozen in liquid nitrogen and inserted into a 3-mm split ring EPR
resonator (Bruker). Using a Bruker ELEXSYS 680 EPR spectrometer operating
at X-band (9.3 GHz) the four-pulse DEER experiments were performed at 50
K (16). The sequence in theobserver frequencywas/2-1--2--2-echowith
32-ns pulse lengths. The second, pump, frequency was set at the maximum of
the nitroxide spectrum that was offset by 65 MHz from the observer fre-
quency. Thepumppulse consistedofa singlepulseof12-nsdurationandwas
inserted between the two  pulses of the observer frequency with time (1
2t) where  was incremented by 8 ns each time. A / phase cycle was
applied to the first observer pulse, and proton modulations were minimized
by varying 1 from 200 ns to 264 ns in eight steps. The 2 delay was 2 s, and
each trace had 255 points, 13 scans were taken, there experiment was re-
peatedwith three independent samples. Data processingwas carriedoutwith
DeerAnalysis2006 and Tikhonov regularization and the L-curve method for
estimating the correct regularization parameter (17).
Modeling. EM structure visualization and atomic coordinate fitting were
performed by using Chimera.
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